intelligence will compensate for minor degrees of deafness, whereas a person of low auditory intelligence will be rendered deaf by a relatively slight alteration of his hearing mechanism. The deafness of the latter will be a diminution of the power of appreciation rather than a lessening of the power of hearing simple sounds such as those emanated by tuning-forks, or formed in music.
(The films were provided by the kindness of Mr. F. P. Culbert, of the R.C.A. Photophone Company.) Some Mechanical Problems in the Making of Cochlear Models.
By GEORGE WILKINSON, F.R.C.S.
THOUGH the resonance theory has always attracted me, as providing a beautiful and complete explanation of the facts of hearing, I wish to state that the cochlear models were not designed for the purpose of proving that, or any other theory. What I set out to do was to embody, so far as possible, the various physical factors which one can recognize as present in the cochlea, and then to see what light the models were capable of throwing on the problem of its action. It has taken some years of experiment to achieve the moderate degree of efficiency to which they have now attained. They are, no doubt, unspeakably coarse contrivances as compared with the marvellously delicate and precise organ which they attempt to imitate. Nevertheless, I claim that the physical principles on which they are constructed are those inherent in the cochlea, and that their action is just what one has always pictured to be the action of the cochlea, on the assumption of the truth of the resonance doctrine.
What are these physical principles? The cochlea is a long, coiled tube divided along the whole length by the spiral lamina, into an upper and lower gallery. The separation of these two galleries is completed by the basilar membrane, which fills in the spiral fissure, and by the spiral ligament, which attaches the basilar membrane to the outer wall of the cochlear tube. We assume that the actual vibrating element in the cochlea is the basilar membrane. This consists of a long row of fine fibres stretched transversely across the basilar fissure, and embedded in a gelatinous matrix of cells, so that it is impervious to fluids. The fibres are graduated in length, the shortest being at the basal end nearest to the oval and round windows, and the longest at the distal or apical end. That the fibres are graduated in tension may be inferred from the structure of the spiral ligament, which diminishes progressively in bulk and density as it is traced upwards towards the apex of the cochlea. The basilar membrane stops short before reaching the extreme apex of the cochlea, leaving a hiatus, the helicotrema, which brings the two galleries into communication. The two openings from the middle ear, the round and oval windows, are placed above and below the commencement of the basilar membrane. The oval window is fitted by a little piston or plunger, the foot-plate of the stapes, to which the sound impulses are transmitted from the tympanic membrane and chain of ossicles. The round window is closed by a simple membrane. The whole is filled with watery fluid.
All these features are reproduced in the models. The basilar membranes are built up of a series of fine wires stretched across the basilar fissure. These are embedded in a double layer of cigarette paper, impregnated with formalized gelatin. The wires are applied to the plate under a graduated' tension, which is greatest at the narrow proximal end and diminishes progressively to the broad apical end. Beyond this is a gap representing the helicotrema. The round and oval windows occupy the same position relative to the basilar membrane as in the cochlea. The " oval window" is fitted with a wooden plunger to represent the stapes. The whole is filled with fluid.
There are, however, limits to the fidelity with which we can copy the mechanism of the cochlea. We have greatly to enlarge the size of all parts of the models, and we are unable to employ materials at all comparable in fineness and delicacy with those found in the cochlea. For the most essential part of the model-the basilar fibres--I have used a phosphor-bronze ribbon only th mm. thick. Another feature which I have failed to reproduce is the spiral curve of the cochlea and basilar membrane. I have made attempts to do so in a model [shown] , but the technical difficulties are so much increased by departing from the rectangular form that it is impossible, for me at least, to obtain any degree of accuracy of graduation, and the result is unsatisfactory.
I believe that all these features-scale, delicacy of material, and spiral formare of significance in the mechanics of the cochlea, and I realize that my models are far from accurate representations of that beautiful and delicate machine.
The most important practical problem is to obtain accurate graduation of the physical factors regulating the frequency of vibration of the basilar fibres, namely,
length, tension, and mass. Of these factors, tension is, I believe, the most important in the cochlea, as it is in the models. I have had a special winding machine made to ensure an even application of the wire to the plate of the model. The tension is regulated by weights suspended in a loop of the wire over a pulley. These weights are changed for each short length of the winding, so as to give a regular graduation to the tension. It is of the greatest importance that the wire should be applied with an even distance between the turns. The total tension on each transverse sector of the basilar membrane is the sum of the tensions on all the wires comprised in that sector. Thus, if one sector, of say 1 mm. breadth, should include four turns of wire, and another similar sector only two, the tension on the first will be double that on the second sector, and their frequences of vibration will be roughly as 10: 7, a serious inequality. Unevenness of spacing makes more difference in the graduation of tensions than do small differences in the tension of individual wires.
By use of this winding machine one obtains a fairly satisfactorily graduated series of resonant responses. There are other sources of inaccuracy which are not so easily overcome. These arise from imperfections in the wire itself. In such short fibres very slight inequalities in the wire are capable of producing considerable irregularity of graduation. In one part the wire may be as much as twice the thickness that it is in another. The thicker parts are of greater mass of unit length, and also of greater stiffness. The former consideration is of slight importance, as the mass factor in the graduation depends much more on the fluid load than on the actual mass of the wire itself. The difference of stiffness is of greater importance, as it modifies considerably the form of its vibration. This approximates more closely to that of a thin bar clamped at both ends than to that of flexible strings. It does not vibrate right up to the points of fixation, and a deduction from the actual length of the wire has to be made to arrive at the effective length. The stiffer the wire, the larger the correction to be applied. In such short wires the errors due to variations in stiffness may be considerable. The increased springiness of the thicker wire also tends to increase its rate of vibration. Unless we can employ absolutely even materials these sources of error cannot be entirely eliminated.
I referred to the scale of the cochlea as being probably a significant feature in its mechanics. This is how the matter appears to me. The factors determining the natural periods of vibration of stretched strings are length, tension, and mass, according to the formula-21 t
Though the conditions under which the fibres of the basilar membrane vibrate are not, strictly speaking, those of stretched strings, Helmoltz assumed that the above formula might be taken as, at all events, approximately representing the numerical relations of the magnitude of the various factors. He pointed to the progressive increase in width of the basilar membrane from the base to the apex of the cochlea as evidence of graduation by length. Dr. Albert Gray has pointed out the progressive variation in the bulk and density of the spiral ligament as significant of graduation by tension. I drew attention to the variations in the fluid load on the basilar membrane at different levels as providing graduation of the factor mass. Thus, when the foot plate of the stapes is pushed inwards by a sound impulse, a simultaneous displacement outwards of the membrane filling the round window takes place. There must consequently be a displacement of fluid from the oval window, across the basilar membrane, to the round window. When these impulses are repeated regularly within certain limits of frequ'ency, the displacement crosses the basilar membrane at a particular level, dependent on the frequency, that is to say the pitch, of the note employed. The mass displaced Proceedings of the Royal Society of MLedicine 128 equals that of a column of fluid whose sectional area is that of the vibrating sector of the basilar membrane, and whose height is the sum of the distances of the sector from the round and oval windows. Each sector of the basilar membrane may be regarded as carrying a load equal to the mass of this double fluid column. The load constitutes the term in the formula for vibrating strings which may be written-
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However, it is found by calculation and observation, that this formula cannot be accurately applied to the transverse sectors of the basilar membrane of the models. All these factors-length, tension, and mass-do undoubtedly contribute to determine the levels of resonant response in the basilar membrane, but their numerical relationship is not expressed by the above formula. The reason I believe to be that there is no such mass movement of vibration in the fluid in the models as is implied in the formula, but that eddies and vortices form, which considerably alter the conditions of loading of the sectors. Nevertheless, it seems to me probable that the formula may apply in an organ on the minute scale of the cochlea, as it is reasonable to suppose that the galleries are too narrow to admit of the formation of eddies. Also, the whole amount of fluid filling the organ is so small that it is possible for it to vibrate in the mass. However, this is only a speculation. All we can say is that, though each sector of the resonator models has its own pitch level, the actual formula which determines these pitch levels is not known. The determination of the exa,ct formula is a point of academic interest only, but the demonstration of the actual existence of these pitch levels by means of the models is of prime importance, as furnishing an illustration of the resonance mechanism of the cochlea.
It is possible that one other factor has to be reckoned with, namely impedance, which signifies a graduation of the loading of the basilar fibres by variation in the amount of friction to which the fluid columns are subject. This is a factor whose importance in determining the pitch of musical instruments has received considerable attention in recent years. Professor Roaf has suggested that it may be equally important in the tuning of the various pitch levels of the cochlea. What does the resonance doctrine imply ? In order to clarify our conceptions I think we require a, few precise definitions. What, for instance, is a musical tone ? It is usually defined as " a sound produced by regularly recurring waves of a definite frequency." This is no definition, for our recognition of a musical sound is quite apart from any knowledge we may possess of its physical properties. A musical sound is a sound of recognized pitch. How then do we define pitch ? If we consult our sensations, pitch is position in a series. It is only this fact which enables us to combine musical sounds in significant patterns which we call melodies. Our sense of pitch corresponds exactly to the physical fact of its being due to the excitation of a small group of nerve-endings at a particular level of the cochlear scale. Our sense of the relative pitch of two notes is more accurate than our sense of absolute pitch. We recognize the distance separating an octave, a fifth, or a third, as being the same in whatever part of the scale it occurs. It seems to me that our perception of the identity of musical i'ntervals should imply a corresponding equal spacing of pitch levels on the cochlear scale. A compound musical tone we sense as a fundamental pitch, accompanied by a number of " harmonic components," which the trained ear is able to identify. The only mechanical arrangement which is able to resolve a fundamental and its harmonics is a series of resonators, such as we find in the cochlea, which it does by spacing them in a regular pattern on the basilar scale. A noise corresponds to an irregular disturbance, or " fuzzy patch," spread over a more or less wide area, but without a well-defined location on the basilar scale. It is usual to regard the sense of hearing as perhaps the most mysterious of all our senses. I do not think this is so. I think we know a great deal more of the sense of hearing than of any other sense. Our knowledge of the physics of vision is fairly complete, and the photographic camera provides us with a mental picture recognizably analogous to the eye, but the analytical sense-i.e., colour vision-is still a matter for speculation; there is little groundwork of ascertained fact. On the other hand, the resonance mechanism of the cochlea is capable of demonstration as a physical reality, or, at all events, a physical possibility. About the other senses we know even less. As to the actual mode of action of the end organs of touch, or of thermal sensation, we know nothing. Smell and taste we recognize as being excited by chemical substances in solution, but as to how we distinguish the various qualities of those sensations we know absolutely nothing. Of the vestibular sense, on which such an immense amount of brilliant experimental work has been expended during recent years, the investigators themselves admit that the results arrived at remain baffling, inconsistent and enigmatical.
Though our acceptance of the resonance doctrine should do much to dispel the
